Chimpanzees (Pan troglodytes) demonstrate much cultural diversity in the wild, yet a 29 majority of novel behaviours do not become group-wide traditions. Since many such 30 novel behaviours are introduced by low-ranking individuals, a bias toward copying 31 dominant individuals ('rank-bias') has been proposed as an explanation for their limited 32 diffusion. Previous experimental work showed that chimpanzees (Pan troglodytes) 33 preferentially copy dominant over low-rank models. We investigated whether low 34 ranking individuals may nevertheless successfully seed a beneficial behaviour as a 35 tradition if there are no 'competing' models. In each of four captive groups, either a 36 single high-rank (HR, n=2) or a low-rank (LR, n=2) chimpanzee model was trained on 37 one method of opening a two-action puzzle-box, before demonstrating the trained 38 method in a group context. This was followed by eight hours of group-wide, open-39 access to the puzzle-box. Successful manipulations and observers of each 40 manipulation were recorded. Barnard's exact tests showed that individuals in the LR 41 groups used the seeded method as their first-choice option at significantly above 42 chance levels, whereas those in the HR groups did not. Furthermore, individuals in the 43 LR condition used the seeded method on their first attempt significantly more often 44 than those in the HR condition. A network-based diffusion analysis revealed that the 45 best supported statistical models were those in which social transmission occurred only 46 in groups with subordinate models. Finally, we report an innovation by a subordinate 47 individual that built cumulatively on existing methods of opening the puzzle-box and 48 was subsequently copied by a dominant observer. These findings illustrate that 49 chimpanzees are motivated to copy rewarding novel behaviours that are demonstrated 50 by subordinate individuals and that, in some cases, social transmission may be 51 constrained by high-rank demonstrators. 52 53
INTRODUCTION 55
It is now generally accepted that social learning is widespread in the animal 56 kingdom and that socially transmitted traditions ('cultures') are found in a wide range of 57 vertebrates [Whiten, 2005; Laland & Janik, 2006; Laland & Galef, 2009 ]. However, the 58 processes by which a novel behaviour propagates to become a group-wide tradition 59 remain unclear [Rendell et al., 2011] . Indiscriminately copying the behaviours of 60 conspecifics is often not an optimal strategy, as the learner runs the risk of copying 61 costly behaviours or wasting energy on those that are not productive [Kendal, with no apparent functional benefits. A striking example of this is described by van 77
Leeuwen, Cronin & Haun [2014] , who report a single chimpanzee placing a piece of 78 grass in its ear to no discernible benefit -a 'fashion' which was soon adopted by the 79 rest of the group. Conversely, Hopper et al. [2011] found in a token-exchange task that 80 most chimpanzees chose the same tokens as those selected by a trained model, even 81 wide range of previous behavioural research studies, some of which included puzzle-135 box tasks, but we have designed our apparatus to require different manipulations to 136 those of earlier studies, as noted below. The participants include both nursery-reared 137 and mother-reared individuals. Following previous studies [Horner et al.2010 This study employed a two-action, sliding-door puzzle-box (the 'Vert', see 169 
Statistical analyses 233
We used binomial tests to determine whether the number of individuals in the 234 control condition to use each method on their first trial differed significantly from chance 235 (50%), which would indicate an inherent directional bias that would have acted as a 236 confound. We then used Barnard's exact test, an alternative to Fisher's exact test with 237 greater power for small sample sizes [Mehta & Senchaudhuri, 2003] , to test whether 238 individuals from high or low rank conditions were significantly more likely to use the 239 seeded method on their first successful trial. Binomial tests were subsequently used to 240 determine whether the proportion of individuals in each condition who used the seeded 241 method on their first successful trial differed significantly from chance (50%). Finally, 242
we applied the same tests to a more conservative, truncated form of the experimental 243 data set. In order to mitigate the possibility that individuals had learned from individuals 244 not of direct interest to the research question, for example a dominant female who had 245 asocially learned the same method as the subordinate model, we only analysed data 246 (for this analysis only) from individuals in both conditions who had only observed their 247 group's model demonstrating. This resulted in 11 individuals being excluded from this 248 model, leaving n=8. We also carried out Bayesian equivalents of the analyses 249 described above, which can be found in the Supplemental Material by an interested 250 reader and which were consistent with the findings reported below. Hoppitt & Gruber, 2014]. In this case, the social network was created using the number 258 of times Individual A observed Individual B using the seeded method before Individual 259 A first demonstrated this method. Because we were able to record the exact times at 260 which an individual first used the method, we used the Time of Acquisition Diffusion 261 Analysis (TADA) variant of NBDA [Hoppitt et al., 2010] . Times entered into the model 262 were the number of seconds which the group had been exposed to the Vert before a 263
given individual first opened it using the seeded method. 264
We used an information theoretic approach [Burnham & Anderson, 2002] , using 265
Akaike's information criterion corrected for sample size (AICc) from which total Akaike 266 weights (Σwi) for each model were calculated. Total Akaike Weights were then used to 267 create model averaged estimates for the factor by which individuals' learning rates are 268 increased per observation of the seeded method. Models were constructed based on 269 the predictions outlined by the rank-bias hypothesis and the necessary conditions for 270
refutation (above). 271
This analysis was carried out using the NBDA R Script Version 1.2.11 (available 272 at http://lalandlab.st-andrews.ac.uk/freeware/). 273
274

Generalised linear mixed effects models 275
We used two sets of generalised linear mixed effects models (GLMMs) to 276 determine whether the sex of a demonstrator was a useful predictor in determining how 277 many individuals were likely to be in proximity (<3m) on any given trial. The first set of 278 models considered audience size as an absolute value, whereas the second 279 considered it as a proportion of group size. In all models, 'individual' was fit with 280 random intercepts and random slopes to account for multiple measurements from each 281 individual. We took an information theoretic approach to inference, using akaike's 282 information criterion corrected for small sample sizes (AICc) to estimate model fit. From 283 this we calculated total akaike weights (Σwi) and use these to compute model-averaged 284 estimates of parameter coefficients, allowing us to estimate the effect of a parameter 285 while taking into account model uncertainty. Due to the use of model-averaging, rather 286 than use p-values to determine whether a parameter had an important effect on the 287
Video Coding 291
The method used by any individual who successfully opened the box was 292 open the box at all, from which we may infer that the two methods of opening the door 307
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Network-based Diffusion Analysis 341
There was most support for models (Table 3) (Table 4) . 
An Innovation 375
Finally, we report an innovation which occurred in one of the high-rank condition 376 groups. After 7 hours of open-diffusion, a subordinate individual (TUL) discovered a 377 narrow window of motion in which the door can be opened using 'Up', so that a reward 378 can be retrieved, but the locking mechanism is not activated. This allowed her to then 379 also use 'Down' to move the door a second time and obtain a second reward. TUL had 380 not used 'Down' prior to this discovery, but had observed two other females in her 381 group using it on multiple occasions. This suggests TUL combined her first-learned 382 method with previously acquired social information about that used by others to 383 generate a more productive method, although asocial learning cannot be ruled out. 384
Despite the innovator being of low rank, after 11 observations of this improved method 385 the dominant male (JUD) of the group, who to this point had exclusively used the 'Up' 386 method, also began to use the combined form. A similar pattern was observed in a 387 second group. Again, the first individual was a subordinate female (CHE) and the 388 method was subsequently used by two higher ranking females (KIH, NAH). Due to the 389 limited data available, it is not possible to carry out any formal analyses of these 390 events, but we present them as 'naturally' occurring examples of subordinates' 391 innovations achieving limited diffusion through their groups. 392
393
DISCUSSION 394
Rank-bias has been proposed as a way to account for the relatively rare 395 adoption of innovations to produce traditions within chimpanzee communities [Horner 396 et al., 2010; Kendal et al., 2015] . Based on this 'rank-bias hypothesis', we predicted 397 that novel behaviours seeded by subordinates either fail to spread, or motivate a 398 considerably lesser degree of social learning than novel behaviours seeded by 399 dominant individuals. In our study, not only were the group-mates of low-ranking 400 models more likely to use the seeded rather than non-seeded method on their first 401 opening of the box, but they were also substantially more likely to do so than 402 individuals in groups with high-rank models. Furthermore, a NBDA showed greatest 403 support for models in which social transmission of the seeded method was present only 404 in the low-rank condition. Finally, we reported innovations developed by two 405 subordinate chimpanzees in separate groups which built on pre-existing methods and 406
were subsequently used by more dominant individuals, likely as a result of social 407 learning. While one must be cautious in interpreting isolated events, these instances 408 are striking in their pertinence to our research question and in how they contrast with 409 the predictions of the rank-bias hypothesis. 410
We conclude these findings strongly suggest that the rank-bias identified by 411 previous studies [Kendal et al. 2015; or 'prestige- in that the effect of social transmission was found to be stronger in our low-rank 445 condition, and a greater proportion of individuals in the LR condition used the seeded 446 method on their first trial than those in HR. One methodological difference between the 447 current study and previous work that might explain this discrepancy is that our high-448 ranking models were dominant males rather than dominant females. This was an 449 intentional design choice, as males are almost always dominant relative to females, 450
and it was desirable to maximise the rank disparity between model types. However, indicating that males can also make effective models. Furthermore, in a series of 461 GLMM's we examined whether the number of individuals in proximity or attending to an 462 individual's demonstrations could be predicted by that demonstrator's sex, and this was 463 not found to be the case (Table 5) . From this we may infer that our use of differently 464 sexed models did not introduce an important confound with respect to social tolerance 465 that would explain the contrast between effects of high versus low rank models in our 466 study. In any case, the key finding in our results is not so much the contrast between 467 effects of high versus low ranked models, but that the low ranked female provided an 468 adequate model whose preferred behavioural option was copied by others. in this case, the first-used method was an 'accidental' discovery on the route to 481 learning the seeded method. 482
As previously discussed, capuchin monkeys inhibit demonstration of known 483 behaviours while in the presence of dominant males [Lonsdorf et al. 2016] . If the same 484 is true of chimpanzees, then non-dominant individuals having to wait for an appropriate 485 social context to interact with the task may have introduced additional demands on 486 memory that would interfere with accurate copying models in the HR condition. In our 487 experiment, the fact that we removed the Vert when models were displaced in the 488 demonstration phase meant that the resource could not be immediately monopolised. 489
The reason for this was to remain methodologically consistent with prior work on rank- 
